Synthetic aperture (SA) imaging can be used to achieve real-time volumetric ultrasound imaging using 2-D array transducers. The sensitivity of SA imaging is improved by maximizing the acoustic output, but one must consider the limitations of an ultrasound system, both technical and biological. This paper investigates the in vivo applicability and sensitivity of volumetric SA imaging. Utilizing the transmit events to generate a set of virtual point sources, a frame rate of 25 Hz for a 90
INTRODUCTION
Volumetric ultrasound enables imaging of the whole volume in one acquisition similar to x-ray computed tomography (x-ray CT) and magnetic resonance imaging (MRI). In conventional 2-D ultrasound imaging, it is required to wait for the propagation of the ultrasound pulse back and forth in the body for each single image line. In volumetric imaging on the other hand, the number of image lines is squared, and hence a quadratic reduction on the achievable frame rate is imposed. Imaging the complex kinematics of organs such as the beating heart requires an increased frame rate, which is far from achievable on large imaging volumes using the conventional approach. Indeed, considering the speed of sound in biological tissues to be around 1540 m/s, about 155 µs are required to acquire a single image line with a 14 cm depth. This is approximately 6400 lines per second which may be used to form a volume of 80×80 image lines, in every second. Von Ramm and Smith 1, 2 introduced the first true volumetric ultrasound system, which allowed real-time 3-D scanning at acceptable volume rates. The system applied a parallel beamforming (PB) technique that permitted the formation of a plurality of adjacent lines surrounding the transmit beam direction. To achieve higher volume rates, i.e., higher temporal resolution, broadened transmit beams can be used to illuminate the desired field-of-view resulting in a reduced number of emissions.
3 However, reverberations and aberrations of the ultrasonic wave fronts caused by fatty subcutaneous tissues tend to destroy the focusing capabilities of the system in PB.
To recover the focusing capability, while using broad illuminations for a higher temporal resolution, it has been proposed to use synthetic aperture (SA) imaging, originally developed for radar detection systems. 5, 6 By coherently combining the data acquired from successive and spatially overlapping ultrasound pulse emissions, one may retrospectively recreate a dynamic transmit focus along each line of the final image. The original SA application used single element excitations, but is now applied using virtual point sources 7 generated with small subsets of transducer elements to increase the energy transfered into the tissue and thereby increase the SNR.
Although SA imaging may allow the spatial resolution to be similar or even improved compared to single line focused ultrasound, it does not ensure a good sensitivity in the sense that, neither the SNR, the penetration nor the contrast are ensured to be similar to what is achieved in conventional ultrasound imaging. The sensitivity is directly related to the characteristics of the emitted pulses: 1) the frequency band and focus depth give an indication of how attenuated a pulse will be, 2) the peak intensity is an indicator of the non-linear effects buildup during the propagation, 3) the aperture size and pulse duration describe the amount of energy transmitted. Thus the sensitivity can be improved by maximizing the acoustic output, but the limitations of the ultrasound system, both technical and biological must be considered. A powerful signal generator to drive a big amount of energy through the piezo-electric transducer is required, which may lead to over-heating of the probe surface. Any damage to the tissues caused by cavitational effects or over-heating has to be avoided. In practice, the acoustic output is adjusted such that both the peak and the temporal average intensities remain under given thresholds.
Previously it has been shown that SA can be used to achieve real-time volumetric imaging based on simulation and phantom studies.
8 However, as of today, it has not yet been successfully adapted to in vivo volumetric 2-D phased array imaging. Provost et al., 9 have done volumetric in vivo SA measurements, however they did not provide any other ultrasound volumetric imaging method to compare their results with. In this study, the imaging quality of SA is investigated using in vivo measurements. Simulations are used to optimize both techniques before comparison and also to ensure the FDA limits. The optimization is done for a channel limited 3-D ultrasound system with 256 active channels. The structure of the paper is as follows: First, a brief description of the measurement and simulation setups is given. The point spread functions (PSFs) for the PB and SA are studied both based on simulation and measurement data. The intensity measurements for PB and SA are presented. Then in vivo results and the qualitative assessments by experts in the field are presented. Finally, the perspectives of the volumetric SA technique are discussed.
MEASUREMENT AND SIMULATION SETUPS
The volumetric data were acquired using the 1024 channel experimental ultrasound scanner, SARUS. 10 To estimate the quality of the SA images compared to PB, the subjects were imaged with both techniques simultaneously. The RF-data were beamformed using the beamformation toolbox 3.
11 Table 1 lists the measurement configuration parameters. The centers of all translated transmit apertures for SA are shown with a dot in Fig.  1 (left). The cross is the center of the shown active aperture. The receive aperture which is static during all 256 emissions, is illustrated in Fig. 1 (right) . As a trade-off between emitted energy and side-lobe performance, the 24 element wide cross array, seen in Fig. 2 (left) , is chosen as the transmit aperture. 8 To get a wide receive aperture and thereby a narrow receive beam main-lobe, the cross array is also used in receive. The widest possible array, a cross array along the diagonals, is chosen as receive aperture. Because the receive aperture is too narrow, it is apodized with a Tukey function with a Ψ parameter close to zero value. The receive aperture is shown in Fig. 2 (right) . In Fig. 3 , a simulated point spread function example of PB and SA is shown, and can be visually inspected and compared. A point target is located at 62 mm depth and 0
• azimuth and elevation tilt angle. In the azimuth plane the sidelobes are larger than in the elevation plane. This is due to three inactive rows of elements on the transducer, all orthogonal to the elevation plane. SA and PB appear to have approximately the same main lobe size. Figure 4 , shows the measured 3-D point spread function of PB and SA in a water bath imaging a tip of an iron needle facing toward the transducer and parallel to the center line of the transducer (speed of sound in water 1480 m/s). The apparent noise is due to the low SNR of the research scanner. Figure  5 shows the SNR of the research scanner for both SA and PB in a tissue mimicking phantom. The full width at half maximum (FWHM) and the side lobe energy metrics, for the simulated and measured PSF are listed in 12 and take the form of upper limits on given indexes: the mechanical index (M I ≤ 1.9), the derated spatial-peak-temporal-average intensity (I spta ≤ 720 mW/cm 2 for peripheral vessel, I spta ≤ 430 mW/cm 2 for cardiac), and the derated spatial-peak-pulse-average intensity (I sppa ≤ 190 mW/cm 2 ). 12 This requires to measure the emitted pressure of the transducer as a function of spatial position. The intensity measurements have been carried out using the experimental ultrasound scanner SARUS and the AIMS III intensity measurement system (Onda Corporation, Sunnyvale, California, USA). 13 The measured MI and I spta before scaling the excitation signal for PB are 0.83 and 377.5 mW/cm 2 , and for SA are 0.48 and 329.5 mW/cm 2 , accordingly (Table 3) . 
INTENSITY MEASUREMENTS
Before any in vivo measurements, the ultrasound imaging technique on the scanner has to fulfill all the requirements regarding the intensity levels and safety limits. Any damage to the tissues caused by cavitational effects or over-heating has to be avoided. In practice, the acoustic output is adjusted such that both the peak and the
RESULTS AND DISCUSSION
Cut sections of an in vivo volume data of a healthy male's kidney, imaged with SA and PB techniques, are illustrated in Fig. 6 . Figure 7 illustrates the magnified areas of the Fig. 6 top row. Two radiologists were consulted for evaluation of volumetric SA by means of a questionnaire and compared SA against PB in terms of the pathological features presented in the in vivo data. The PB technique suffers from the block-like artifact.
The spatial resolution achieved with SA imaging is dependent on the characteristics of successive transmissions. To achieve higher sensitivity with SA imaging, the energy of each transmitted pulse and also the number of data-sets, which are coherently compounded have to get maximized. But these two constraints imply a trade-off: to maximize the number of combined beams, spatial overlaps between transmitted pulses has to be ensured, and hence use broad beam transmissions where the energy is likely to spread out and the intensity will be reduced. To increase the sensitivity of SA, one may want to increase the energy per pulse by increasing the pulse amplitude or its duration. Increasing the amplitude has an upper limit via MI and I spta . Unfortunately, increasing the pulse duration also will result in a poorer axial resolution. As an alternative, it has been proposed to use linear frequency modulated (FM) excitations combined with match filtering on reception, to increase the energy level without sacrificing the axial resolution.
14 The lateral (elevational) resolution is only defined by the capability of the SA to synthesize a narrow synthetic transmit beam profile.
CONCLUSION AND PERSPECTIVES
In this study, a comparison between real-time 3-D synthetic aperture imaging and parallel beamforming using only 256 active channels was made with both Field II simulations and in vivo measurements from the experimental ultrasound scanner SARUS. The contrast resolution was improved by synthetic aperture imaging at all positions in the entire imaged volume. The autocovariance of a homogeneous area in the in vivo SA data, has 23.5% smaller width compared to PB at the half of its maximum value. Based on the feedbacks from domain experts, the in vivo imaging quality of synthetic aperture and parallel beamforming has been investigated. It was shown that using synthetic aperture imaging on a channel limited 3-D ultrasound system can achieve a high image quality at a low cost. Both techniques can volumetrically visualize internal body structures. Visualizing in 3-D gives the clinician a better insight for possible pathology and medical treatments. A novel data visualization tool will become very beneficial in clinical studies, as it is difficult to visualize the ultrasound volume in 3-D. 
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